We study direct CP violation in the hadronic decay B ± → ρ 0 π ± , including the effect of ρ − ω mixing. We find that the CP violating asymmetry is strongly dependent on the CKM matrix elements, especially the Wolfenstein parameter η.
Introduction
Even though CP violation has been known since 1964, we still do not know the source of CP violation clearly. In the Standard Model, a non-zero phase angle in the CabbiboKobayashi-Maskawa (CKM) matrix is responsible for CP violating phenomena. In the past few years, numerous theoretical studies have been conducted on CP violation in the B meson system [1, 2] . However, we need a lot of data to check these approaches because there are many theoretical uncertainties -e.g. CKM matrix elements, hadronic matrix elements and nonfactorizable effects. The future aim would be to reduce all these uncertainties.
Direct CP violating asymmetries in B decays occur through the interference of at least two amplitudes with different weak phase φ and strong phase δ. In order to extract the weak phase (which is determined by the CKM matrix elements), one must know the strong phase δ and this is usually not well determined. In addition, in order to have a large signal, we have to appeal to some phenomenological mechanism to obtain a large δ. The charge symmetry violating mixing between ρ 0 and ω, can be extremely important in this regard. In particular, it can lead to a large CP violation in B decays such as B ± → ρ 0 (ω)π ± → π + π − π ± , because the strong phase passes through 90 o at the ω resonance [3, 4, 5] . Recently, CLEO reported new data [6] on B → ρπ. It is the aim of the present work to analyse direct CP violation in B ± → ρ 0 (ω)π ± → π + π − π ± , including ρ−ω mixing, using the latest data from the CLEO collaboration to constrain the calculation.
In order to extract the strong phase δ, we use the factorization approach, in which the hadronic matrix elements of operators are saturated by vacuum intermediate states.
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In this paper, we investigate five phenomenological models with different weak form factors and determine the CP violating asymmetry for B ± → ρ 0 (ω)π ± → π + π − π ± in these models. We select models which are consistent with the CLEO data and determine the allowed range of N c (0.98(0.94) < N c < 2.01(1.95)). Then, we study the sign of sin δ in the range of N c allowed by experimental data in all these models. We discuss the model dependence of our results in detail.
The remainder of this paper is organized as follows. In Section 2, we present the form of the effective Hamiltonian and the values of Wilson coefficients. In Section 3, we give the formalism for the CP violating asymmetry in B + → ρ 0 (ω)π + → π + π − π + , for all the models which will be checked. We also show numerical results in this section (asymmetry, a, the value of sin δ). In Section 4, we calculate branching ratios for B + → ρ 0 π + and B 0 → ρ + π − and present numerical results over the range of N c allowed by the CLEO data. In last section, we summarize our results and suggest further work.
The effective Hamiltonian
In order to calculate the direct CP violating aymmetry in hadronic decays, one can use the following effective weak Hamiltonian, based on the operator product expansion [7] , 
where α and β are color indices, and q ′ = u, d or s quarks. In Eq. 
CP violation in
B + → ρ 0 (ω)π + → π + π − π +
Formalism
The formalism for CP violation in hadronic B meson decays is the following. Let A be the amplitude for the decay B + → π + π − π + , then one has
with H T and H P being the Hamiltonians for the tree and penguin operators , respectively.
We can define the relative magnitude and phases between these two contributions as follows,
where δ and φ are strong and weak phases, respectively. The phase φ arises from the appropriate combination of CKM matrix elements which is
As a result, sin φ is equal to sin α with α defined in the standard way [11] . The parameter r is the absolute value of the ratio of tree and penguin amplitudes:
The CP violating asymmetry, a, can be written as:
It can be seen explicitly from Eq.(13) that both weak and strong phase differences are needed to produce CP violation. In order to obtain a large signal for direct CP violation, we need some mechanism to make both sin δ and r large. We stress that ρ − ω mixing has the dual advantages that the strong phase difference is large (passing through 90 o at the ω resonance) and well known [4, 5] . With this mechanism, to first order in isospin violation, we have the following results when the invariant mass of π + π − is near the ω resonance mass,
Here t V (V = ρ or ω) is the tree amplitude and p V the penguin amplitude for producing a vector meson, V, g ρ is the coupling for ρ 0 → π + π − ,Π ρω is the effective ρ − ω mixing amplitude, and s V is from the inverse propagator of the vector meson V,
with √ s being the invariant mass of the π + π − pair.
We stress that the direct coupling ω → π + π − is effectively absorbed intoΠ ρω [12] , leading to the explicit s dependence ofΠ ρω . Making the expansionΠ ρω (s) =Π ρω (m From Eqs. (10, 14, 15) one has,
Defining
where δ α , δ β and δ q are strong phases, one finds the following expression from Eq.(18)
It will be shown that in the factorization approach, we have αe iδα = 1 in our case. Letting
and using Eq. (20), we obtain the following result when
where
βe iδ β and r ′ e iδq will be calculated later. Then, from Eq. (22) we can obtain r sin δ and r cos δ. In order to get the CP violating asymmetry, a, in Eq. (13), sin φ and cos φ are needed, where φ is determined by the CKM matrix elements. In the Wolfenstein parametrization [14] , one has,
Calculational Details
With the Hamiltonian given in Eq.(1), we are ready to evaluate the matrix elements for
In the factorization approximation, either the ρ 0 (ω) or the π + is generated by one current which has the appropriate quantum numbers in the Hamiltonian. For this decay process, two kinds of matrix element products are involved after factorization; schematically (i.e. omitting Dirac matrices and color labels)
We will calculate them in some phenomenological quark models.
The matrix elements for B → X and B → X ⋆ (where X and X ⋆ denote pseudoscalar and vector mesons, respectively) can be decomposed as [15] ,
where J µ is the weak current (J µ =qγ
ǫ µ is the polarization vector of X ⋆ . The form factors included in our calculations satisfy:
. Using the decomposition in Eqs. (25, 26) , one has,
where f ρ and f π are the decay constants of the ρ and π, respectively, and p ρ is the three momentum of the ρ. In the same way, we find t ω = t ρ , so that
After calculating the penguin operator contributions, one has,
and
Numerical Results
In our numerical calculations we have several parameters: q 2 , N c and the CKM matrix elements in the Wolfenstein parametrization. As mentioned in Section 2, the value of q 2 is conventionally chosen to be in the range 0.3 < q 2 /m b 2 < 0.5. The CKM matrix, which should be determined from experimental data, has the following form in term of the Wolfenstein parameters, A, λ, ρ, η [14] :
where O(λ 4 ) corrections are neglected. We use λ = 0.2205, A = 0.815 and the range for ρ and η as the following [16, 17] ,
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The form factors F 1 (m 2 ρ ) and A 0 (m 2 π ) depend on the inner structure of the hadrons. Under the nearest pole dominance assumption, the k 2 dependence of the form factors is:
for model 1(2) [15, 18] :
for model 3(4) [15, 18, 19] :
for model 5 [20, 21] :
The decay constants used in our calculations are: f ρ = f ω = 221MeV and f π = 130.7MeV.
In the numerical calculations, it is found that for a fixed N c , there is a maximum value, a max , for the CP violating parameter, a, when the invariant mass of the π + π − is in the vicinity of the ω resonance. The results are shown in Figs.1 and 2, for k 2 /m model dependence of a. It appears that this dependence is strong ( Table 1) .
The maximum asymmetry parameter, a max , varies from −24%(−19%) to −59% (−48%) for N c in the chosen range, k 2 /m (Table 1) for
, we obtain for models 1, 3, 5 an asymmetry, a max , around −27.3%(−21.6%) for the set (ρ max , η max ), and around −44.3%(−35.0%) for the set (ρ min , η min ). We find a ratio equal to 1.62(1.62) between the asymmetries associated with the upper and lower limits of (ρ, η). The reason why the maximum asymmetry, a max , can have large variation, comes from the b → d transition, where V td and V ub appear.
These are functions of (ρ, η) and contribute to the asymmetry (Eq.31) through the ratio between the ω penguin diagram and the ρ tree diagram.
For models 2 and 4, one has a maximum asymmetry, a max , around −37%(−28%) for the set (ρ max , η max ) and around −59%(−46%) for the set (ρ min , η min ). We find a ratio between the asymmetries equal to 1.59(1.64) in this case. The difference between these two sets of models comes from the magnitudes of the form factors, where
for models 2 and 4 than for models 1, 3 and 5. Now, if we look at the numerical results for the asymmetry for N cmin = 0.98(0.94), we find, for models 1, 3, 5,
and the set (ρ max , η max ), an asymmetry, a max , around −31.3%(−25.6%), and for the set (ρ min , η min ) we find an asymmetry, a max , around −50.3%(−42.0%). In this case, one has a ratio equal to 1.61(1.64). Finally, for models 2 and 4, we get −36%(−29%) for the set (ρ max , η max ) and −57%(−48%) for the set (ρ min , η min ) with a ratio equal to 1.58(1.65).
These results show explicitly the dependence of the CP violating asymmetry on form factors, CKM matrix elements and the effective parameter N c . For the CKM matrix elements, it appears that if we take their upper limit, we obtain a smaller asymmetry, a, and viceversa. The difference between k 2 /m 2 b = 0.3(0.5) in our results comes from the renormalization of the matrix elements of the operators in the weak Hamiltonian. Finally, the dependence on N c comes from the fact that N c is related to hadronization effects, and consequently we cannot determine N c exactly in our calculations. Therefore, we treat N c as a free effective parameter. As regards the ratio between the asymmetries, we have found a ratio equal to 1.61(1.63). This is mainly determined by the ratio sin γ/ sin β, and more precisely by η. In Table 2 , we show the values for the angles α, β, γ. From all these numerical results, we can conclude that we need to determine the value of N c and the hadronic decay form factors more precisely, if we want to use the asymmetry, a, to constrain the CKM matrix elements.
In spite of the uncertainties just discussed, it is vital to realize that the effect of ρ − ω mixing in the B → ρπ decay is to remove any ambiguity concerning the strong phase, sin δ. As the internal top quark dominates the b → d transition, the weak phase in the rate asymmetry is proportional to sin α (= sin φ), where α = arg −
, and knowing the sign of sin δ enables us to determine that of sin α from a measurement of the asymmetry, a. We show in Fig.3 that the sign of sin δ is always positive in our range, 0.98(0.94) < N c < 2.01(1.95) for all the models studied. Indeed, at the π + π − invariant mass where the asymmetry parameter, a, reaches a maximum, the value of sin δ is equal to one -provided ρ − ω mixing is included -over the entire range of N c and for all the form factors studied. So, we can remove, with the help of asymmetry, a, the uncertainty mod(π) which appears in α from the usual indirect measurements [5] which yield sin 2α.
By contrast, in the case where we do not take ρ − ω mixing into account, we find a small value for sin δ. In Figs.3 and 4 we plot the role of ρ − ω mixing in our calculations. We stress that, even though one has a large value of sin δ around N c = 1 with no ρ−ω mixing, one still has a very small value for r (Fig.4) , and hence the CP violating asymmetry, a, remains very small in that case. 
Formalism
With the factorized decay amplitudes, we can compute the decay rates using by the following expression [19] ,
is the c.m. momentum of the decay particles, m 1 (m 2 ) is the mass of the vector (pseudoscalar) V(P), and A(B → V P ) is the decay amplitude:
Here V T,P u is CKM factor:
where the effective parameters are the following combinations
and V P |O i |B is a matrix element which is evaluated in the factorization approach.
In the Quark Model, the diagram coming from the B + → ρ 0 π + decay is the only one contribution. In our case, to be consistent, we should also take into account the ρ − ω mixing contribution when we calculate the branching ratio since we are working to the first order of isospin violation. Explicitly, we obtain for
where the tree and penguin amplitudes are:
Moreover, we can calculate the ratio between these two branching ratios, in which the uncertainty caused by many systematic errors is removed. We define the ratio R as:
and, without taking into account the penguin contribution, one has,
Numerical Results
The latest experimental data from the CLEO collaboration [6] are: If we consider numerical results for branching ratio B + → ρ 0 π + (Fig.6 ), it appears that all models are consistent with the experimental data for a large range of N c . The effect of ρ − ω mixing (included in our calculations) on the branching ratio B + → ρ 0 π + is around 30%. Numerical results for models 1, 3, 5 and models 2, 4 are very close to each other.
The difference between the two branching ratios can be explained by the fact that for the B 0 → ρ + π − decay, the tree and penguin contributions are both proportional to only one form factor, F 1 (k 2 ). Thus, this branching ratio is very sensitive to the magnitude of this form factor (F 1 (k 2 ) is related to h 1 = 0.330 or 0.625 in models (1, 3) and (2,4) respectively). On the other hand, for the decay B + → ρ 0 π + , both F 1 (k 2 ) and A 0 (k 2 ) are included in the tree and penguin amplitudes, and this branching ratio is less sensitive to the magnitude of the form factors.
If we look at the ratio R between these two branching ratios, BR(B + → ρ 0 π + ) and Fig.7 -the results indicate that R is very sensitive to the magnitude of the form factors, and that there is a large difference between models 1, 3, 5
and models 2 and 4. We investigated the ratio R for the limiting CKM matrix elements as a function of N c , finding that R is consistent with the experimental data over the range This is possible and the results are shown in Table 4 . In our study, it seems better to use (Table 5 ). We find that N c should be in the range 0.98(0.94) < N c < 2.01 (1.95) where N cmin and N cmax correspond to (ρ min , η min ) and (ρ max , η max ) respectively.
Summary and discussion
The first aim of the present work was to compare our theoretical results with the latest experimental data from the CLEO collaboration for the branching ratios B + → ρ 0 π + and B 0 → ρ + π − . Our next aim was to study direct CP violation for the decay
, with the inclusion of ρ − ω mixing. The advantage of ρ − ω mixing is that the strong phase difference is large and rapidly varying near the ω resonance. As a result the CP violating asymmetry, a, has a maximum, a max , when the invariant mass of the π + π − pair is in the vicinity of the ω resonance and sin δ = +1 at this point.
In the calculation of CP violating asymmetry parameters, we need the Wilson coefficients for the tree and penguin operators at the scale m b . We worked with the renormalization scheme independent Wilson coefficients. One of the major uncertainties is that the hadronic matrix elements for both tree and penguin operators involve nonperturbative QCD. We have worked in the factorization approximation, with N c treated as an effective parameter. Although one must have some doubts about factorization, it has been pointed out that it may be quite reliable in energetic weak decays [22, 23] .
We have explicitly shown that the CP violating asymmetry, a, is very sensitive to the CKM matrix elements and the magnitude of the form factors, and we have determined a range for the maximum asymmetry, a max , as a function of the parameter N c , the limits of CKM matrix elements and the choice of k 2 /m 2 b = 0.3(0.5). From all the models investigated, we found that CP violating asymmetry, a max , varies from −24%(−19%) to −59%(−48%). We stressed that the ratio between the asymmetries associated with the limiting values of CKM matrix elements would be mainly determined by η. Moreover, we also stressed that without ρ − ω mixing, we cannot have a large CP violating asymmetry, a, since a is proportional to both sin δ and r. Even though sin δ is large around N c = 1, r is very small. As a result, we find a very small value for the CP violation in the decay We will need more accurate data in the future to further decrease the uncertainties in the calculation. If we can use both the CP violating asymmetry and the branching ratios, with smaller uncertainties, we expect to be able to determine the CKM matrix elements more precisely. At the very least, it appears that one will be able to unambiguouly determine the sign of sin α and hence, remove the well known discrete uncertainties in α associated with the fact that indirect CP violation determines only sin 2α. We expect that our predictions should provide useful guidance for future investigations and urge our experimental collegues to plan seriously to measure the rather dramatic direct CP violation predicted here.
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